An important cellular mechanism contributing to the strength and duration of memories is activity-dependent alterations in the strength of synaptic connections within the neural circuit encoding the memory. Reversal of the memory is typically correlated with a reversal of the cellular changes to levels expressed prior to the stimulation. Thus, for stimulus-induced changes in synapse strength and their reversals to be functionally relevant, cellular mechanisms must regulate and maintain synapse strength both prior to and after the stimuli inducing learning and memory. The strengths of synapses within a neural circuit at any given moment are determined by cellular and molecular processes initiated during development and those subsequently regulated by the history of direct activation of the neural circuit and system-wide stimuli such as stress or motivational state. The cumulative actions of stimuli and other factors on an already modified neural circuit are attenuated by homeostatic mechanisms that prevent changes in overall synaptic inputs and excitability above or below specific set points (synaptic scaling). The mechanisms mediating synaptic scaling prevent potential excitotoxic alterations in the circuit but also may attenuate additional cellular changes required for learning and memory, thereby apparently limiting information storage. What cellular and molecular processes control synaptic strengths before and after experience/activity and its reversals? In this review we will explore the synapse-, whole cell-, and circuit level-specific processes that contribute to an overall zero sum-like set of changes and long-term maintenance of synapse strengths as a consequence of the accommodative interactions between long-term synaptic plasticity and homeostasis.
Long-term changes in the strength of synapses-long-term potentiation/facilitation (LTP or LTF) and long-term depression (LTD)-are critical cellular mechanisms in modulating the amplitude and duration of behavioral modifications or the storage of memories (Kandel 2001) . These synaptic changes could lead to significant and long-lasting bidirectional changes in the excitability of some neurons within a neural circuit, which under extreme circumstances can lead to excitotoxic or degenerative consequences that impact on cell function or survival, or the storage of memory (Abbott and Nelson 2000; Nelson and Turrigiano 2008) . To prevent these maladaptive processes, homeostatic mechanisms restrain the overall weights of synaptic inputs and excitation/ inhibition balance to ensure that neurons remain functional (including the ability to express additional activity-dependent plasticity) while the storage of information acquired by previous activity is maintained (Davis 2006; Marder and Goaillard 2006; Roth-Alpermann et al. 2006; Ibata et al. 2008; Kim and Tsien 2008; Turrigiano 2008) .
The mechanisms mediating synaptic scaling/homeostasis at the level of individual neurons include those that regulate presynaptic transmitter release by affecting structure/function properties of the presynaptic terminals (Burrone et al. 2002; Frank et al. 2006 Frank et al. , 2009 Branco et al. 2008; Han and Stevens 2009) , regulate postsynaptic responses by modulating the expression and localization of transmitter receptors at synaptic or extrasynaptic sites (Turrigiano et al. 1998; Perez-Otano and Ehlers 2005; Chowdhury et al. 2006; Shepherd et al. 2006; Hou et al. 2008 Hou et al. , 2011 Gainey et al. 2009 ), or regulate intrinsic excitability by modulating voltage-gated or transmitter-gated ion channels (Desai et al. 1999; Campanac et al. 2008; Grubb and Burrone 2010; O'Leary et al. 2010; Fortin et al. 2012; Lee 2012; Driscoll et al. 2013 ). At the wider network level, mechanisms that impact on more global changes, such as the balance of excitatory and inhibitory synaptic inputs, could restrain overall excitability to more acceptable levels (Chang et al. 2010; Isaacson and Scanziani 2011; Campanac et al. 2012) .
However, some of the cellular mechanisms enumerated above that restrain synapse strengths or neuron and circuit level excitability to maintain homeostasis also contribute to longterm synaptic plasticity that underlies learning and memory. Activity-dependent alterations in the structure/function of the presynaptic terminals, postsynaptic receptor expression/distribution, and changes in intrinsic excitability are cellular correlates mediating learning and memory (Dale et al. 1987; Bailey and Chen 1988a,b; Bailey et al. 1992; Zhu et al. 1997; Luscher et al. 1999; Malinow and Malenka 2002; Bredt and Nicoll 2003; Zhang and Linden 2003; Frick et al. 2004; Matsuzaki et al. 2004; Montgomery and Madison 2004; Bastrikova et al. 2008; Bourne and Harris 2011; Sanders et al. 2012; Raynaud et al. 2013) . Moreover, the reversal of the cellular changes mediating shortterm or long-term memory as a result of inactivity or other forms of convergent activity results in the reversal of synaptic change to levels closer to those expressed prior to the experience/activity that induced the initial cellular changes. How do the competing mechanisms of synaptic scaling and synaptic plasticity interact at the cellular and network level and how does that interaction influence levels of synaptic transmission prior to and after activity that evokes long-term plasticity?
The compartmentalization of synaptic plasticity to specific connections and within specific neuronal populations is one critical mechanism for reducing the potential for runaway plasticity that would impact negatively on the integrity of synaptic connections and cell survival and at the same time facilitate information storage. Limiting the population of neurons and synapses expressing one type of long-term synaptic change that contributes to the storage of a particular memory could be effectuated by a combination of processes that include the selective tagging of activated (or inactive) synapses for long-term change. This can be accomplished through: (1) activity-dependent post-translational modifications of synaptic proteins at the activated synapses and at nearby synapses experiencing different levels of activity; (2) local protein synthesis and degradation at synapses that are regulated by activity; and (3) zero-sum forms of local plasticity that alter activated synapses at the expense of neighboring synapses experiencing different levels of activity. Thus, cellular correlates of memory storage may reside in relatively modest numbers of synapse-specific modifications-selective strengthening and weakening of nearby synapses converging on a common target.
The changes at these synapses are consolidated by activitydependent changes in gene expression in the cell body and cellwide protein synthesis along with long-term synaptic scaling at both the cellular and network level that balance excitatory and inhibitory synaptic interactions and overall neuronal excitability. The combination of these two processes would contribute to the maintenance of the new level of synaptic strengths at specific synapses and the excitatory/inhibitory balance within the network encoding the memory until additional forms of activity induce new bidirectional changes in synapse strength and excitability. Restraining persistent synaptic changes that are required for encoding a long-term memory to a relatively modest number of specific synapses through the accommodative interactions between plasticity and homeostasis would increase the information storage capacity of the network. The fewer the connections that need to be altered in a particular direction for the storage of a memory (the less things change) would leave more connections for additional stimulus-induced alterations for the storage of other memories (the more things can be different).
Sparse neuronal coding of information
How many neurons and their synaptic connections participate in the encoding of a specific memory or piece of information? Although the answer to this question is unknown, a few cases suggest that this coding is relatively sparse. Contextual fear conditioning in rodents and relatively simple forms of short-and long-term behavioral modifications in invertebrates, such as Aplysia, suggest that changes in a small number of neurons and their synapses contribute to the memory. A relatively small population of neurons in the basal lateral nuclear complex of the amygdala (BLA) participates in the storage and recall of contextual fear memory (Han et al. 2007; Reijmers et al. 2007 ). In Aplysia, although stimuli that induce long-term sensitization of defensive reflexes or adaptive changes in feeding behavior activate many neurons (Zecevic et al. 1989; Cropper et al. 2004; Nargerot and Simmers 2012) , the functional and structural changes in a small population of neurons encode most of the information accounting for the long-term changes in behavior (Bailey and Chen 1988a,b; Brembs et al. 2002; Baxter and Byrne 2006; Nargerot and Simmers 2012) . This funneling of cellular plasticity to selective populations of neurons and synapses requires cellular mechanisms that allow for the targeting of the cellular changes to specific neurons and synapses. The changes that encode the persistence of the memory need not be expressed at once but can emerge within a selective population of neurons or synapses over time as a result of sequential cascades initiated by the stimuli inducing the adaptive change in the nervous system, which is then followed by other forms of activity that contribute to consolidation Hu et al. 2011) . Such neuron-and synapse-specific changes can be produced by several processes working simultaneously: (1) synaptic tagging, (2) local activitydependent regulation of protein synthesis and degradation, and (3) long-lasting forms of one type of plasticity at specific activated synapses at the expense of neighboring synapses activated (or not activated) with different stimuli.
Synaptic tagging
Most neurons receive convergent synaptic inputs from multiple sources where each input is capable of expressing autonomous forms of short-and long-term plasticity (Clark and Kandel 1993; Frey and Morris 1997; Martin et al. 1997) . Synapse-specific forms of long-term plasticity are expressed despite changes in gene expression and the synthesis of plasticity-related proteins that are capable of reaching all parts of the activated neurons (Kandel 2001; Alarcon et al. 2006; Govindarajan et al. 2006; Doyle and Kiebler 2011; Redondo and Morris 2011) . The tagging of activated synapses for subsequent expression of persistent plasticity is independent of macromolecular synthesis and relies on activity-dependent activation of post-translational modification enzymes such as kinases, ubiquitin-mediated degradation pathways, or other pathways (Lisman et al. 2002; Miller et al. 2002; Ehlers 2003; Fonseca et al. 2006; Huang et al. 2006; Young et al. 2006; Wayman et al. 2008; Redondo et al. 2010; Ishikawa et al. 2011; Okuno et al. 2012) .
The "tagging" of specific synapses for long-lasting modification is short-lived. Weak stimuli given to neighboring synapses that are sufficient to produce a transient form of LTP or LTD (E-LTP or E-LTD) or short-term plasticity will "capture" longerlasting forms of plasticity if the weaker activity is presented within an hour or so of the stronger stimuli to neighboring synapses that result in the expression of macromolecular synthesis-dependent forms of long-term plasticity (Frey and Morris 1997; Martin et al. 1997) .
The spread of plasticity in most cases covers a relatively short distance (depending on the strength of the stimuli that induce the longer lasting forms of plasticity) and can be dendritic branchspecific (Engert and Bonhoeffer 1997; Wang et al. 2003; Alarcon et al. 2006; Huang et al. 2006; Young et al. 2006; Harvey and Svoboda 2007; Sajikumar et al. 2007 ). Thus neighboring synapses receiving inputs of various strengths do not act independently but express a form of metaplasticity based on relative timing of activation, stimulus strength, and distance from other stimulus-activated synapses. This provides a basis of information storage at restricted sets of synapses whose functional states are linked by time and strength of activation and topographic location within the circuit (Huang et al. 1992; Govindarajan et al. 2006; Segev 2006, 2008; Harvey and Svoboda 2007) .
Synapses tagged for potential expression of L-LTP vs. L-LTD must be able to "capture" the appropriate molecules to express the cellular changes mediating the long-lasting bidirectional changes in synapse strength. Support for this notion comes from results indicating the "cross-tagging" of long-term plasticity (Sajikumar and Frey 2004; Frey and Frey 2008; Ishikawa et al. Plasticity and homeostasis affect synapse baseline www.learnmem.org 2011). Weak stimuli that by themselves will evoke E-LTD, will lead to the expression of L-LTD at those synapses when the stimuli are presented shortly before or after neighboring synapses receive stimulation that produces L-LTP. The same phenomenon occurs with conversion to L-LTP at synapses given a weak stimulus that evokes E-LTP before or after other nearby inputs experience stimulation that evoke L-LTD. The implication of this cross-tagging phenomenon is that molecules permissive for persistent plasticity (L-LTP or L-LTD) are synthesized (cell body and/or in nearby synapses induced by appropriate stimuli) and then transported to synapses that have been primed to capture the appropriate subset of molecules to express either L-LTP (local stimuli that produce E-LTP) or L-LTD (local stimuli that produce E-LTD). How are specific synapses tagged and then subsequently capable of capturing the appropriate set of proteins to express the appropriate form of persistent plasticity?
Activity-dependent regulation of local protein synthesis
Long-lasting forms of plasticity require new protein synthesis and in most cases also require new transcription (Kandel 2001) . With the discovery of specific mRNAs and the machinery for protein synthesis at distal dendrites (Steward and Levy 1982) , growth cones (Lin and Holt 2007) , and axon terminals (Bassell and Warren 2008; Wang et al. 2009 ), the importance of activitydependent regulation of local synthesis of plasticity-related proteins in the expression of synapse-specific long-term plasticity gained general acceptance. Either in the presence or absence of cell bodies, long-lasting forms of plasticity in hippocampal neural circuits (Kang and Schuman 1996; Huber et al. 2000; Cracco et al. 2005; Karpova et al. 2006; Cajigas et al. 2010; Redondo et al. 2010) and at Aplysia sensorimotor synapses (Martin et al. 1997; Casadio et al. 1999; Hu et al. 2004; Wang et al. 2009 ) depend on protein synthesis at or near synaptic sites. Stimuli that induce LTP or LTF, or LTD remove translation repression on mRNAs that accumulate at distal sites and activate local translation factors through various signaling pathways (Linden 1996; Wu et al. 1998; Hu et al. 2004; Govindarajan et al. 2006; Raab-Graham et al. 2006; Bassell and Warren 2008; Doyle and Kiebler 2011; Kandel 2012; Udagawa et al. 2012 ). Many of the proteins synthesized locally or transported from the cell body contribute to either LTP or LTD depending on the type of plasticity and tag initiated locally. Thus in "cross-tagging" situations, proteins synthesized at local synapses or transported from the cell body of the activated neuron following stronger stimuli that would lead to long-lasting plasticity could convert neighboring synapses experiencing a weaker stimulus to express a long-lasting plasticity. Thus synapses stimulated to express L-LTP could lead to the synthesis of proteins that are permissive to convert neighboring synapses to express any form of long-lasting plasticity if those synapses were stimulated with the appropriate stimuli that produce either E-LTD or E-LTP shortly before or after the stronger stimuli (Sajikumar and Frey 2004; Frey and Frey 2008; Ishikawa et al. 2011 ). Long-lasting plasticity is accompanied by functional and structural changes at specific synapses; L-LTD is accompanied by the silencing and/or elimination of synaptic sites, while L-LTP or LTF is accompanied by the strengthening and/or formation of new synaptic sites (Glanzman et al. 1990; Bailey et al. 1992; Casadio et al. 1999; Bastrikova et al. 2008; Bourne and Harris 2011) . Thus, when multiple forms of synaptic plasticity are expressed at neighboring synaptic sites, the net consequence (L-LTP + L-LTD) could maintain structural and functional homeostasis as specific sets of synapses are formed or strengthened and others nearby are silenced or eliminated.
Molecules associated with the tagging and capture of L-LTP vs. L-LTD and the newly synthesized proteins (local or transported from the cell body) that result in the expression of L-LTP vs. L-LTD are beginning to be identified. Increases in the activation of neurotrophins and their receptors (BDNF and trkB receptors) and up-regulation of their expression and local distribution at synapses expressing E-LTP will lead to changes in local protein synthesis and the expression of L-LTP (Lu et al. 2011; Sajikumar and Norte 2011; Fortin et al. 2012) . Local activation of specific kinases and their anchoring or interaction with other plasticity-related proteins could convert E-LTP (PKA, PKMz, and some forms of CaM kinases) or E-LTD (other CaM kinases and MAPK) to longer lasting forms (Sajikumar et al. 2005 (Sajikumar et al. , 2007 Alarcon et al. 2006; Huang et al. 2006; Young et al. 2006; Sajikumar and Norte 2011) . The accumulation of Arc/Arg3.1 at weakened synapses (as those expressing E-LTD) and its interaction with CamKIIß promotes AMPA receptor endocytosis Rial Verde et al. 2006; Waung et al. 2008; Redondo et al. 2010; Okuno et al. 2012) and could contribute to the expression of L-LTD at those synapses while others nearby express L-LTP. Selective activation of proteolytic processes, such as activation of neuropsin or the ubiquitin -proteasome pathway (Bingol and Schuman 2006; Fonseca et al. 2006; Cai et al. 2010; Ishikawa et al. 2011 ) may contribute to the selective accumulation of newly synthesized plasticity-related proteins to produce the expression of either L-LTP or L-LTD. In Aplysia, the local synthesis of the neuropeptide sensorin and activation of its signaling pathway by PKA phosphorylation may initiate and maintain the local expression of LTF (Hu et al. 2004 (Hu et al. , 2011 . In addition, synaptic tagging and capture may also facilitate the local accumulation of mRNAs at activated synapses for subsequent maintenance of the long-lasting plasticity (Steward et al. 1998; Sun et al. 2001; Moccia et al. 2003; Grooms et al. 2006; Waung et al. 2008; Doyle and Kiebler 2011; Lu et al. 2011; Fortin et al. 2012) . The overall consequence of local tagging, protein synthesis and degradation, transport and capture, and mRNA transport and capture would be to focus the appropriate functional and morphological expression of longterm plasticity at specific synapses. What other constraints lead to local expression of plasticity?
Local expression of zero-sum long-term plasticity
The strengths of synaptic connections in neocortex vary significantly (Feldmeyer and Sakmann 2000; Sarid et al. 2007 )-as much as 30-fold-thereby influencing the expression of different forms of plasticity from L-LTP through L-LTD with shorter-lasting protein synthesis-independent forms of plasticity in between. Because of tagging and capture and cross-tagging phenomena described above, the final topography of the plasticity will vary due to the nature of the stimuli and the initial state of function of each synaptic site prior to the stimuli. The specific state expressed at each synaptic site, shaped by development and previous history of activation, will vary from silent synapses (low probability of transmitter release or receptor activation) to synapses with high release probability (large or multiple active zones packed with synaptic vesicles) that are aligned with large postsynaptic elements containing a high density of postsynaptic receptors (Montgomery and Madison 2004) . The former will respond best to stimuli producing synaptic enhancement while the latter will respond best to stimuli producing synaptic depression as a result of floor and ceiling effects, respectively, that are regulated by homeostatic processes expressed both at the cell-wide level and at individual synapses (Burrone et al. 2002; Royer and Pare 2003; Thiagarajan et al. 2005; Rabinowitch and Segev 2006; Roth-Alpermann et al. 2006; Harvey and Svoboda 2007; Seeburg Plasticity and homeostasis affect synapse baseline www.learnmem.org Beique et al. 2011; Arendt et al. 2013) . Activity might induce L-LTP foci that are bounded by L-LTD foci initiated by synaptic tagging, capture, and cross-tagging through activitydependent activation of appropriate kinases and other posttranslational modification enzymes, local protein synthesis, and/ or degradation followed by transport of additional proteins from the cell bodies of the activated neurons.
Additional sharpening of plasticity at the circuit level is provided by differential expression of long-term plasticity (either LTP or LTD, both forms or neither form) at excitatory inputs with specific populations of inhibitory (GABA) interneurons (Chang et al. 2010; Nissen et al. 2010; Sarih et al. 2012 ). The selective expression of long-term plasticity at these inputs can reduce potential excitotoxic consequences of the activity-dependent plasticity mediating learning and memory expressed by the neurons of the circuit encoding the memory (Lamsa et al. 2007; Isaacson and Scanziani 2011) .
The consolidation of persistent forms of plasticity at specific synaptic sites would entail structural/functional changes including the formation or elimination of postsynaptic spines and presynaptic elements, and the localization of critical proteins expressed through the net changes in protein synthesis and degradation required for the permanent expression of the new synaptic states (Hegde et al. 1993; Chain et al. 1999; Bingol and Schuman 2006; Karpova et al. 2006; Cajigas et al. 2010; Chen et al. 2011; Hou et al. 2011) . Neighboring zones of synaptic sites would thus express either L-LTP or L-LTD initiated by earlier molecular processes in the activated terminals coupled with the acquisition of new macromolecules. The levels of spontaneous release of conventional neurotransmitters (glutamate) or other factors (neurotrophins or cytokines) expressed at each synapse as a consequence of the activity-induced plasticity might maintain appropriate levels of local synthesis required for local forms of L-LTP and L-LTD (Sutton et al. 2004 (Sutton et al. , 2006 . The molecules affecting synaptic strength at any moment in time could represent presynaptic proteins and signaling pathways critical for transmitter release (Gonzalez-Forero et al. 2012) , postsynaptic transmitter receptors, and proteins participating in their cycling into and out of the plasma membrane (Malinow and Malenka 2002; Fortin et al. 2012) , neurotrophins and other secreted factors and their receptors (English et al. 2012; Hruska and Dalva 2012) , factors or regulators of protein translation and degradation (Cajigas et al. 2010; Kandel 2012) , and kinases that are constitutively active (Chain et al. 1999; Hernandez et al. 2003) . These local molecules and their downstream signaling coupled with proteins and mRNA transported from the cell body would maintain the new level of synaptic transmission that encodes the behavioral modification or memory. Disruption of specific components associated with the maintenance of this new level of synaptic transmission would then lead to reversals in synaptic strengths toward the original prestimulus state. What might regulate basal levels of synaptic transmission before and after induction or reversals of long-term plasticity?
Coexpression of homeostatic and plasticity mechanisms regulate basal synaptic transmission
Reversal of short-and long-term plasticity or short-and long-term memory typically results in the reversal of synaptic strengths or behavior toward prestimulus levels. This reversal of synaptic strength toward earlier baselines is likely to be the outcome of hierarchic and constitutive cellular processes initiated during development and consolidated in early postnatal life that defines a basal level of circuit function that is subsequently coexpressed with additional cellular processes that regulate bidirectional changes in this set point of circuit function to accommodate environmental contingencies in the form of learning and memory (Hubel and Wiesel 1970; Desai et al. 2002; Turrigiano and Nelson 2004; Huupponen et al. 2007; Petrus et al. 2011; Ransom et al. 2012) . Disruptions of the cellular processes associated with the activity/experience-dependent change in function might allow the initial constitutive homeostatic processes to restore synaptic strengths to previous levels.
The hierarchic organization of the constitutive process that defines basal level of synaptic strength would include the participation of molecules and pathways required for inducing and maintaining synaptic plasticity following activity. Maintenance of synaptic strength is affected by (1) transcription factors (Chao et al. 2007; Liu et al. 2011 ), (2) activity regulating local synthesis, degradation, and distribution of Arc/Arg3.1 and glutamate receptors (Cajigas et al. 2010; Beique et al. 2011; Chen et al. 2011) , (3) constitutive actions of secreted factors, such as neurotrophins, cytokines, and ephrins, acting on their receptors to regulate structural and functional integrity of the synapses (Hu et al. 2004 (Hu et al. , 2011 Goold and Davis 2007; Frank et al. 2009; English et al. 2012; Hruska and Dalva 2012) , and (4) the persistent activation of signaling cascades by kinases such as CaM kinases and PKMz that affect levels of modifications in critical presynaptic and postsynaptic proteins throughout the circuit (Lisman et al. 2002; Sajikumar et al. 2005) . Cytokines such as TNFa up-regulate AMPA receptor distribution following prolonged blockade of activity (Stellwagen and Malenka 2006) , while regulation of the expression of dybindin or other cytokines and their receptors affects presynaptic transmitter release (Goold and Davis 2007; Dickman and Davis 2009) . Future experiments need to test the time course of expression of these or similar molecules before and after activity-dependent persistent plasticity and its reversal and whether the timely removal or up-regulation of these molecules or their activity would affect the reestablishment of synaptic strength following conditions that are known to reverse long-term memory or synaptic plasticity.
